Pd capped Mg-Ni thin films were prepared on glass substrates by DC magnetron sputtering for a switchable mirror. In order to improve the switching durability, polytetrafluoroethylene (PTFE) thin film was deposited on it as a protection layer by rf magnetron sputtering. Sputtering of PFTE film was carried out at power of 30 W in the Ar and CF 4 mixed gas discharge plasma. The characterizations of PFTE thin films were performed with Fourier transformation infrared (FT-IR), and X-ray photoelectron spectroscopy (XPS) and scanning electron microscope (SEM). PTFE films with 900 nm thick deposited on glass substrates have transmittance of 90%. PFTE thin film shows the excellent protection role against the oxidization of Mg and gives the 1000 switching cycles by 4 vol% hydrogen.
Introduction
Mg-Ni alloy thin films have attracted much attention as hydrogen storage materials, 1) hydrogen sensors, 2) switchable mirrors.
3) Pd capped Mg-rich Mg-Ni alloy thin shows excellent reversible switching properties in optical transmittance by exposure to hydrogen containing gas. However, it shows fast degradation and switching durability is not good enough for practical applications; after about 160 switching cycles, it can not be switched any more.
To improve the switching durability, we have examined a protection layer for the switchable mirror thin films. We tested various polymer materials as a protection layer by spin coating to surface of mirror and found that some polymer coatings can extend the switching lifetime to 800-1000 cycles. 4) From the view point of mass production of window glazing, spin coating and dip coating method is not practical. When the protection layer can be deposited by sputtering, sequential deposition of Mg-Ni layer, Pd layer and a protection layer can be done in the same vacuum apparatus, which is suitable for glass manufacturing. To realize this method, we pay attention to polytetrafluoroethylene (PTFE) as a protection layer.
PTFE film can be deposited on glass substrate by rf magnetron sputtering [5] [6] [7] or pulsed laser deposition technique. 8) PTFE films deposited by rf magnetron sputtering has a 90% optical transmittance in visible range. 9) And also this polymer has a various superior features, high thermal stability, chemical inertness, low surface tension and low coefficient of friction. This characterization is very important for as a protection layer of switchable mirror glass. In this paper, PTFE films are prepared on the surface of Pd/Mg 4 Ni switchable mirror thin films by the rf magnetron sputtering in Ar + CF 4 discharge plasma. Structure and optical properties of PTFE film have been characterized by various methods such as FTIR, SEM, and XPS analysis.
Experimental Section
Switchable-mirror thin films were prepared by using a custom-made sputtering apparatus with three sputtering guns. È50 mm metal target of Mg (99.99 mass%), Ni (99.9 mass%), and Pd (99.99 mass%) were set to 3 of them. Firstly, Mg-Ni alloy thin films by DC magnetron sputtering were deposited on glass substrates (30 mm Â 30 mm) in Ar plasma. The base pressure and the process pressure were 2:0 Â 10 À5 Pa and 1.2 Pa, respectively. By adjusting the power ratio of Mg : Ni to 30 W : 16 W, the obtained thin film had a composition close to Mg 4 Ni, which was characterized by Rutherford backscattering spectroscopy (RBS). Then a 4 nm Pd cap-layer was deposited on the Mg-Ni thin film in situ.
Subsequently, a PTFE-protection-layer with a thickness of 900 nm was deposited on Pd layer by rf magnetron sputtering in Ar (70 sccm) and CF 4 (5 sccm) mixed gas discharge plasma. 2 mm thick and 50 mm diameter PTFE target was set on the copper backing plate. The rf magnetron sputtering power was set to 30 W (power density = 1.5 W/ cm 2 ). The base pressure was 5:0 Â 10 À4 Pa, the process pressure was set to 1.0 Pa. The structure of the deposited PTFE thin films was characterized by Fourier transform infrared (FTIR; Spectrum GX1P Perkin Elmer), x-ray photoelectron spectroscopy (XPS; VG Sigma Probe), and Scanning electron microscope (SEM; Hitachi S4300). Optical transmittance of films was measured with an ultraviolet-visiblenear-infrared spectrophometer (JASCO V570).
The switchable mirror thin film is attached to another glass plate with the coated side inside. They are separated by silicone rubber spacer with the thickness of 2 mm. A glass pipe for gas introduction is connected to the glass plate. This switching cell is open to the atmosphere. Gasochromic switching was carried out by the flow control of 4 vol% hydrogen-containing argon gas. Details of the experimental setup were described elsewhere.
10) The hydrogen-containing gas flow (rate of 70 sccm) causes the hydrization of thin films and the sample changes from the mirror state to the * Corresponding author, E-mail: k.yoshimura@aist.go.jp transparent state. After the hydrogen flow is stopped, the sample is exposure to air and it returned to the mirror state by dehydrization. This optical change is monitored by the combined use of a laser diode ( ¼ 670 nm) and a Si photodiode. The duration of gas loading is 30 s, followed by a 300 s unloading; this cycle is then repeated. Figure 1 shows the FTIR absorption spectra of the PTFE thin film deposited on Si substrate. As seen in the figure, the spectra of the deposited films have a characteristic absorption peaks peculiar to PTFE around at 1234 cm À1 . 8) This peak is ascribable to the stretching modes of C-F and C-C. Other characteristic absorption peaks of CF 2 groups at lower wavenumbers of 988 cm À1 (C-CF 3 vibration), 670 cm À1 (rocking and wagging modes of CF 2 ) are detected. In addition, the broad absorption bands from 1600 to 1800 cm À1 are detected, this may indicated that conjugated bonds, such as -FC=CF-(1730 cm À1 ) are formed during rf magnetron sputtering depositions. 5) There are no absorption peaks corresponding to C-H in the range of 2800 to 3100 cm À1 . This indicated that no C-H bonds formed in rf deposition of PTFE film. Figure 2 shows the XPS wide scan spectra of PTFE films on Si substrate before and after Ar gun etching. Before Ar gun etching, O 1 s at 544 eV and N 1 s at 411 eV peaks are observed. These peaks may be originated from surface adhesion of O 2 and N 2 gas. These peaks are eliminated after Ar etching, which indicates that there are no contaminations from O 2 or H 2 O in PTFE films. The binding energy of F 1 s and C 1 s were detected as 698.0 eV and 299.5 eV in surface of PTFE films. On the other hand, after Ar gun etching, the F 1 s and C 1 s peaks were shifted to lower energy direction, that is, 689.3 eV and 288.2 eV (mainly CF 2 ).
Results and Discussion

Characterization of PTFE films
Microstructural images on surface and cross-section of PTFE films are shown in Fig. 3 . The PTFE films were deposited on Si substrate for 40 min in Ar + CF 4 plasma. Film thickness was estimated to be 900 nm from the crosssectional images. PTFE films have a grain structure with grain size of about 20 nm and there are some small cracks on the surface. Figure 4 shows the hydrization and dehydrization kinetics for PTFE coated and uncoated Pd/Mg 4 Ni switchable mirror thin films. The hydrization speeds were almost same for the mirror with and without PTFE overlayer. Hydrization reaction for Mg-Ni thin film will be completed in 5-7 s at loading hydrogen gas of 4 vol% and achieved the maxima transmission. PFTE film coated switchable mirror shows very slow dehydrization kinetics compared with that of the non-coated mirror. It is found that the complete dehydrization takes about 335 s and 135 s for PTFE coated and noncoated mirror. We set the hydrization time is 30 s and dehydrization time is 300 s. Per above discussions, the setting time is good enough to examine the switching characteristics and durability for the Mg-Ni thin film mirror system. As for dehydrization mechanism of Mg-Ni alloy thin film, it has not been clear yet. There is an assumption the oxygen at the Pd surface may be promotes a dehydrogenation process. 10) As discussed in Fig. 2 , there are not observed any oxygen peak in PTFE film. Those results indicated that the PTFE is powerful water-repellency film. In conclusion, oxygen or water molecules very difficult to enter the inside of PTFE films.
Switching properties
Switching durability of Pd/Mg 4 Ni mirror with and without PTFE coatings were shown in Fig. 5 . As shown in Figure, non-coating mirrors only switched 150 switching cycles when 4 vol% hydrogen gas loading. PTFE coated mirror shows the more than 1000 switching cycles.
Conclusions
In conclusion, PTFE films have successfully been prepared on the surface of switchable mirror thin films by rf magnetron sputtering in the Ar and CF 4 mixed gas discharge plasma at room temperature. It was found that PTFE films can protect the oxidization of Mg during the uptake of hydrogen. Switching durability of Mg 4 Ni film with a thin Pd top layer can extended to 7 times compare to non-PTFE coating one. Surface coated PTFE film did not affect the transmittance and hydrization of switchable mirror thin films. Dehydrization speeds of PTFE coating mirrors, however, were very slow. Polytetrafluoroethylene (PTFE) Top-Covered Mg-Ni Switchable Mirror Thin Films
